The increase in atmospheric pollution caused by polluting gases has made it necessary to conduct studies aimed at decreasing or treating the emissions of such gases. Due to its increasing presence in the atmosphere, ammonia is one of the most pre-eminent of these. The present work studied the control of the emission of this gas through its adsorption in a fixed bed of activated carbon. The results showed that the adsorption capacity increased from approximately 0.2 to 1.9 mg NH 3 /g carbon as the concentration of ammonia in the gaseous mixture increased (600, 1200, 1800 and 2400 ppm) at the three temperatures employed (40, 80 and 120ºC). Increasing the temperature at the concentrations studied caused a decrease in the adsorption capacity, which was affected to a more significant extent by temperature than by the ammonia concentration in the gaseous mixture.
INTRODUCTION
According to Bretschneider and Kurfurst (1987) , the increase in atmospheric pollution caused by population and industrial growth, coupled with the ease with which gases disperse in the atmosphere, presents a global problem. Ammonia stands out amongst several atmospheric pollutants because of its increasing use in many industrial processes. Ammonia is a noxious gas that can cause serious damage to human health and to the environment in general. Hence, it is important that studies be undertaken to determine means of effecting efficient control of the emission of this gas.
Several processes can be used in the treatment of gaseous emissions: absorption, condensation, combustion, biofiltration or adsorption (Heumann 1997) . Of these, adsorption has achieved prominence for its efficiency even at low pollutant concentration levels and for allowing the possible recovery of the pollutant through desorption.
According to Noll et al. (1992) , activated carbon is the most popular solid adsorbent employed, having been used traditionally for the removal of the scent, taste and colour caused by the presence of pollutants in gaseous or liquid mixtures. Such versatility has expanded its application to the treatment of many gaseous emissions.
The treatment of the ammonia in effluents, both in the liquid or gaseous form, using adsorption in activated carbon or other adsorbent materials, has been studied by several research workers, e.g. Bernal and Lopez-Real (1993) , Turner et al. (1994) , Saiki et al. (1994 ), El-Nabarawy et al. (1997 , Rodrigues et al. (1999) and Veiga (1995) . These studies have attempted to assess the influence and importance of the several variables involved in the efficient removal of this pollutant. However, the number of studies is still quite small. The growing interest in the development of techniques that are reasonably efficient in the removal of ammonia is relatively recent, though such interest and the emission of ammonia have increased in tandem. Thus, within this context, the present work aims to evaluate the influence of both the concentration of ammonia in the gaseous mixture (air and ammonia) and of the temperature of the bed in the removal of this gas through adsorption in a fixed bed of activated carbon.
MATERIAL AND METHODS
In our research, we employed commercial activated carbon supplied by CARBOMAFRA and obtained from coconut shells. Sieving was used to sort the carbon, and a fraction (mean diameter = 1.18-1.40 mm) was set aside for use in all experiments. The BET technique using a Quantachrome NOVA 1200 instrument was employed to grade the selected carbon. The results obtained are listed in Table 1 . Apart from a 24-h dehumidifying period inside a stove at 105ºC, the carbon samples were not subjected to any special treatment whatsoever before experiments.
The gaseous mixture (air and ammonia) was obtained using pure ammonia and compressed air, the initial concentrations having been determined by titration. These results are presented in Table 2 .
The experimental unit employed ( Figure 1 ) consisted of a stainless-steel column (i.d. = 4.7 cm; height = 40 cm). A heating system with a resistance wire and a PID-type controller maintained the temperature in the column. Valves were employed to control flow and points at which the concentration of ammonia was sampled, and the pressure drop in the bed was measured.
The operating conditions used during the adsorption experiments undertaken to construct the breakthrough curves are described in Table 2 .
The experimental procedure, in which the bed was assembled in the column, was always commenced in the same way to afford greater reproducibility and homogeneity, employing a fixed height for the bed (Moraes 1991). Heating was applied after assembly of the bed in the column. After reaching a stable temperature, the gaseous mixture containing an initial ammonia concentration (C 0 ) was fed into the column and the exit concentration (C) was measured at 5-min intervals until C and C 0 were the same, thereby demonstrating that the bed was saturated. At this point, the experiment was discontinued and the bed dismantled. Subsequently, a new set of operating conditions was selected and a new experiment undertaken. This procedure was repeated 36 times so that all possible combinations of the operation conditions had been employed.
The breakthrough curves obtained in the experiments were used to fit a sigmoidal-type mathematical expression [equation (1)], so that the ratio C/C 0 was expressed as a function of time:
where C is the output concentration, C 0 the input concentration, t the adsorption and A¢ and B¢ are constants. From equation (1) and the mass balance in the bed, equation (2) was used to determine the adsorbed mass (M ads ) for each experiment under saturation conditions (C/C 0 = 0.95):
where Q T is the total mixture flow. Employing the adsorbed mass as calculated from equation (2), the adsorption capacity of the bed (W) was determined by dividing the mass adsorbed by the mass of the bed:
where M L is the mass of the bed.
The adsorption isotherms were drawn using the values of the maximum adsorption capacities calculated from equation (3) as a function of the ammonia concentration in the gaseous mixture.
After drawing the adsorption isotherms, these curves were fitted using isotherm models proposed by Langmuir and Freundlich (Slejko 1985) , as given by equations (4) and (5), respectively.
where W 0 , b, K F and n are fitting parameters.
The removal efficiency (h) was defined as being the ratio between the mass of ammonia input into the column and mass of ammonia adsorbed. This was calculated using equation (6):
The mass adsorbed, the adsorption capacity and the removal efficiency were always calculated under saturation conditions, using C/C 0 = 0.95 and the saturation time.
RESULTS AND DISCUSSION
Figures 2-4 depict the breakthrough curves obtained for experiments conducted at an initial ammonia concentration of 1200 ppm. Overall, the S-shaped curves obtained typify the pattern observed in a normal adsorption process. However, disturbances in the slope of the curves were observed in some experiments. Such disturbances led to the S-shaped curve being converted into a nearly vertical line and to a decrease in the saturation time. These disturbances are related to changes in the operating conditions for the experiments. These changes affect the adsorbate/adsorbent equilibrium during the process and the related breakthrough curve. Figure 2 shows that the greatest change occurred as the temperature was increased. Temperature had a negative effect, being unfavourable towards adsorption that was essentially an exothermic process. This pattern was also observed in experiments with input concentrations of 600, 1800 and 2400 ppm.
Increasing the concentration of the ammonia in the gaseous mixture also affected the breakthrough curve, because this concentration increase influenced the mass-transfer parameters of ammonia from the fluid phase to the solid adsorbent. However, this effect was less significant compared to the effect of the temperature, as shown in Figure 3 . This pattern was also observed in experiments at other temperatures. Equation (1) was fitted using the breakthrough curves and all the fittings presented correlation coefficients (R 2 ) greater than 0.98, even in those experiments where the characteristic S-shape of the curve was not very well defined. This value for the correlation coefficient is an indicator of the coherence between the experimental data and the selected fitting equation.
Starting with the fitting of each breakthrough curve, the mass of ammonia adsorbed was determined under saturation conditions (C/C 0 = 0.95) for each experiment using equation (2). The adsorption capacity of the bed was obtained using equation (3).
The adsorption capacity of the bed calculated under saturation conditions represents the maximum amount of ammonia that the bed can adsorb in a specific experiment when the entire bed and the feed of the gaseous mixture attain equilibrium.
The adsorption isotherms were drawn by taking the maximum capacity for ammonia adsorption under saturation conditions as a function of the ammonia concentration in the gaseous mixture. These are shown in Figure 4 where each point corresponds to an individual experiment.
The isotherms in Figure 4 correspond to the characteristic shape of curve most common for adsorption on to activated carbon. The figure also shows the comparison between the experimental data and the isotherm models proposed by Langmuir and Freundlich. Such comparison demonstrates that equations (4) and (5) represent the experimental data in a coherent manner. Table 3 lists the fitting parameters for these models.
The isotherm behaviour relative to the ammonia concentration in the gaseous mixture is typical for the type of isotherm (favourable) in which the adsorption capacity and concentration of ammonia were correlated positively. Figure 4 also shows that an increase in temperature led to a decrease in adsorption capacity of the activated carbon. This pattern is related to the type of adsorption involved in these experiments (physical adsorption). In such cases, an increase in temperature triggers changes in the system equilibrium, thereby hindering the retention of gas in the solid adsorbent. The effect of temperature may be different when adsorption is of a chemical nature (chemisorption). In such cases, an increase in temperature can favour the reaction between the adsorbate and adsorbent, thus increasing the adsorption capacity. Some studies, such as those conducted by Lancia et al. (1993 Lancia et al. ( , 1996 , have shown that chemical adsorption can occur above 200ºC, being the exact opposite of the tendencies observed in physical adsorption experiments. However, it should be stressed that the ideal temperature for chemical adsorption is directly dependent on the adsorbate/adsorbent system involved.
The adverse effect of temperature on the adsorption of ammonia by activated carbon may also be observed from the data depicted in Figure 5 , which indicate that the efficiency of ammonia retention at the four concentrations studied was a function of the temperature, as forecast by equation (6). Figure 5 shows that experiments involving a small mass bed (50 g) and high temperature (120ºC) yielded the lowest efficiencies ranging from 44.4% to 58.9%, whereas the highest efficiencies (between 85.4% and 87.0%) were obtained using a large mass bed (200 g) and low temperature (40ºC). Figure 5 also shows that the effect of temperature on the efficiency was small for activated carbon beds of 100 g and 200 g. The data obtained suggest that the system was more susceptible to changes in the operating conditions when the bed volume was larger.
CONCLUSIONS
The experimental unit and methodology employed in this study were appropriate for determining the breakthrough curves and ammonia adsorption capacity of activated carbon, thereby making it easier to determine the influence of temperature and ammonia concentration in the gaseous mixture on the adsorption of the latter gas. The sigmoidal-type mathematical expression could be adjusted to the breakthrough curves with correlation coefficients (R 2 ) greater than 0.98. The types of isotherms proposed by Langmuir and Freundlich had fitting parameters with R 2 greater than 0.92, thus demonstrating their suitability under the conditions studied. The results obtained also showed that the adsorption capacity increased with increasing ammonia concentration irrespective of temperature, whereas an increase in temperature at any concentration led to a decrease in the adsorption capacity. The effect of temperature was more significant than that of ammonia concentration in the gaseous mixture.
NOMENCLATURE
A¢, B¢ adjustment parameters of equation (1); b adsorption coefficient (ppm -1 ); C final concentration (ppm); C 0 initial concentration (ppm); K F Freundlich constant; M ads adsorbed mass (mg); M L mass of bed (g); n constant of the Freundlich isotherm; Q T mixture flow (l/h); t adsorption time (min); T L temperature of the bed (ºC); W adsorption capacity (mg/g); W 0 solid phase concentration corresponding to complete coverage of available sites (mg/g); h removal efficiency (%).
